X-ray microbeam using Fresnel zone plate as a beam focusing device has been tested at an undulator beamline of Spring-8. The zone material is tantalum with thickness of 1 pm, and the zone structure is fabricated by using electron beam lithography technique. The outermost zone width of the zone plate is 0.25 pm. By utilizing a fully coherent illumination, a focused spot size near to the diffraction-limit (0.3 pm) has been achieved at an X-ray energy of 8 keV. The measured beam profiles shows good agreement with the theoretical profile. The measured diffraction efficiency agrees well with theoretical value within an X-ray energy region from 6 keV to I O keV. A scanning microscopy experiment has also been performed in order to evaluate the spatial resolution. Fine structures of up to 0.2 pm are clearly observed in the measured image. The modulation transfer function derived from the measured image is 10 % at 0.2 p m line and 0.2 pm space.
INTRODUCTION
Many types of optical systems are developed for generating hard X-ray microbeams. '-I5 Total reflection mirrors, multi-layer mirrors, zone plate optics, refractive lens are tested and applied to microscopy. However, the achieved spatial resolution is still far from theoretical limit. The Fresnel zone plates (FZP) fabricated by electron beam lithography technique are widely used in soft X-ray microscopy, and they achieve the diffraction-limited resolution. The best record of spatial resolution, at present, is better than 30 nm in soft X-ray regions. In the hard X-ray region, it is difficult to use the FZP dedicated to the soft X-ray region, as it is. That is because the zone thickness required for hard X-rays is much larger than that for the soft Xrays. For example, appropriate zone thickness for 10 keV X-rays is estimated to be about 2 pm even for the high density material (gold or tantalum). However, if the zone plate with sufficient thickness can be fabricated, it is expected that the FZP could have the diffraction-limited resolution even in the hard X-ray regions, as is the FZP for soft X-rays. The accuracy of electron beam drawing technique is essentially same as that for the fabrication process for soft X-ray zone plates.
EXPERIMENTAL SETUP

Optical element: Fresnel zone plate
The Fresnel zone plate used in the experiment is fabricated using an electron-beam lithography technique at the NTT Advanced Technology17 The zone structure with an outermost zone width of 0.2.5 pm is made of 1 pm-thick tantalum. The diffraction limit of the focused beam size defined as 1 . 2 2 d~ is 0.3 pm. The diameter of the FZP is 100 pm, and the focal length is 160 mm at an X-ray energy of 8 keV. A center beam stop (2.4 pm-thick gold) of SO p m diameter is electroplated on the FZP. Therefore, the diffraction-limit for the spatial resolution determined by the width of the outermost zone and by the ratio of apodization (radius of the center stop disc is a half of the FZP radius) is 0.25 pm for the first-order focus. Schematic drawing of the FZP structure is shown in Fig. 1 
Optical system
A schematic diagram of the experimental setup is shown in Fig. 2 . A planar-type 139 pole undulator l8 installed in SPring-8 8 GeV electron storage ring is used as a light source. The magnetic period of the undulator is 32 mm, and the maximum K-value is 2.3. The stored electron beam current was 100-80 mA during the experiment. The undulator radiation is monochromatized through a liquid-nitrogen cooled Si 1 1 1 Spring-8-standard double-crystal monochromator. Both the first crystal and the second crystal of the monochromator are cooled by liquid-nitrogen, and kept at the same temperature in order to realize a fixed-exit-beam condition.
FZP
OSA (20pm) The monochromatic X-ray beam impinges on a FZP, and is focused at the sample position. The distance between the light source and the experimental station is about 47 m. The vertical source size [about 50 pm in full-width at half-maximum (FWHM)] is fairly small because of a low coupling-constant of the storage ring. Therefore, in the vertical direction, a demagnified image of the undulator light source is produced at the focal point. On the contrary, the horizontal source size (about 0.9 mm in FWHM) is too large to generate a diffraction-limited microbeam. Therefore, a vertical slit with an opening of 10 pm is placed between the monochromator and experimental station. The slit is used as a pseudo-point-like source in the horizontal direction, and the demagnified image of the slit is generated at the focal point. The distance between the slit and the FZP is 9 m. In this optical system, the source location is different between vertical and horizontal foci. Therefore, a kind of astigmatism exists in spite of axial symmetry of the FZP. When the focal length of the optical element is 160 mm, The distance between the FZP and the focusing position is 160.55mm for vertical focus and 162.9mm for the horizontal focus, respectively. Thus the focal points are separated from each other by about 2.4 mm in the longitudinal direction. However, this astigmatism is not very serious for the evaluation of optical elements. The focusing property in each direction can be tested using this configuration. A pinhole (20 pm in diameter) made in a 0.2-mm-thick Ta plate is placed between the FZP and the focal point in order to select only the first order diffraction. The distance between the FZP and the pinhole is about 130 mm. The focal spot size is also limited by the geometrical optics, Le., product of source size and magnification. The magnification (M) is defined by
where f (-160 mm) is the focal length of the FZP and L (9 m for the horizontal focus, and 47 m for the vertical focus) is the distance between the source point and the FZP. The focal spot size determined by the geometrical optics is 0.17 pm in the vertical direction and 0.18 pm in the horizontal direction for a focal length of 160 mm. They are smaller than the diffraction-limited focused-spot size. The small astigmatism of the optical system in Fig. 2 can be eliminated by tilting the FZP axis to the optical axis. As shown in Fig. 3 , by inclining the FZP by the angle 0, the radius of the n-th Fresnel zone is reduced by a factor of c o d , as r,,' = rn cos0.
The focal length, f is expressed by the following formula, where h is X-ray wavelength, and rn is radius of n-th Fresnel zone. Therefore, the focal length along to the tilting direction is reduced by a factor of cos 8, and the modified focal length fm can be written as 2 2 fm = f cos e.
The focal length perpendicular to the tilting direction is not varied. The astigmatism can be compensated by using the inclined configuration on FZP optics. There are, of course, some limitation on this inclined geometry. They are aspect ratio of outermost zone structure and the focal depth. The tilting angle 8 must be smaller than the aspect ratio as the following formula:
where, dN is width of outermost zone, and D is the depth of zone structure. For the FZP used in the experiment, dN = 0.25 pm, and D = 1 pm. Therefore tan 8 must be smaller than 0.25. By tilting the FZP, the outermost zone position is shifted along the optical axis by rNsin8. This motion must be smaller than the depth of focus, as follows:
Where NA is numerical aperture of the FZP. Here, in this experimental setup, the depth of focus is 480 pm at an X-ray energy of 8 keV, and 2rN is 100 pm. Therefore, above conditions are fully satisfied when tan8 is smaller than 0.25, i t . , 8 < 14 degree. Then, in the present experimental setup, the focal length should be reduced by 1.5% in order to compensate the astigmatism, and the tilting angle becomes 7.1 degree. Consequently, compensation of the astigmatism by the inclinedconfiguration is valid for the present experimental condition. Fig. 3c suggests that the translating stage would have the resolution better than 0.01 pm.
The focal spot size is measured by conventional knife-edge scanning method with this sample scan stage. A gold wire of SO ym diameter is actually used as the "knife-edge". The intensity of the monochromator output beam is monitored by an ionization chamber (air 1 atm), and the intensity of the focused X-ray beam is also measured with another ionization chamber. The line-spread-function of the focused beam is derived from the numerical differential of the measured knife-edge scan profiles. The scanning X-ray microscopy experiment is also performed by raster-scanning the sample with the two-axis translation stage. Step Pulse
Step Pulse 
RESULTS
Focused Beam size
The focused spot size measured by numerical-deferential of the edge-scan profile is shown in Fig. 4 . The measured focal spot size in the horizontal direction is 0.3 pm in FWHM. This focal spot size agrees well with the theoretical limit of the FZP with 0.25 pm outermost zone width. The vertical spot size is also measured by the edge-scan method. However, as shown in the figure, the spot size in the vertical direction, 0.5 pm in FWHM, is apparently worse than that in the horizontal direction. If coherence of the light source is preserved by passing through the beamline, as is mentioned above, the focal spot size in the vertical direction must be equal to that in the horizontal direction. However, there are some factors that may possibly deteriorate the spatial coherence such as roughness of windows, distortion of optical elements and vibration. Three beryllium foils of 0.25 mm thickness are used as vacuum windows of the beamline. However, these Be foils are carefully polished (peak-to-valley roughness of less than 1 pm) in order to avoid distortion of the wave front. The monochromator crystals are thick (35 mm) single crystals, and an indirect liquid nitrogen cooling system is employed, so that the deformation due to heat load or stress is considered to be negligibly small. The most likely cause is vibration of the monochromator crystals.
The vibration of the crystal is checked by measuring the time-structure of the monochromator output beam intensity and the rocking curve profile of the double crystal monochromator. The beam intensity was oscillating with a frequency of 200 Hz.
Assuming that the instability of the beam intensity is caused by detuning of the (+, -) double crystal configuration, the relative angular displacement of the monochromator crystals is estimated to be about 1 prad from the amplitude of the variation of the beam intensity and the measured rocking curve profile. This vibration is considered to be caused by flow of the coolant. Therefore, it can be considered that the monochromator output beam is vibrated by a factor of 2 prad. When the angular displacement is AO, and the focal length is f, the focal spot size is broadened by AO 4 f. In the euperimental condition, f = 160 mm and AO = 2 prad, the broadening of the spot size becomes 0.32 pm. The measured focus spot size in the vertical direction (0.5 pm) can be explained by taking the broadening into account. We consider that this broadening due to the vibration of monochromator crystals may be the main reason behind the discrepancy between the measured vertical focus spot size and the diffraction limited focus. On the contrary, the horizontal focus spot size is determined by the slit placed downstream from the monochromator. Therefore, the horizontal spot size is not affected by the vibration of the monochromator crystals.
Vertical Direction More detailed analysis for the focusing profile in the horizontal direction has been done. The intensity distribution around the focus, I(r), is described by a wellknown diffraction theory of light. l9 Using the Bessel function, J I(r) = 125 (kNAr)/kNArI2, where k=2x/h, NA is numerical aperture of the objective (FZP), and r represents the distance around the optical axis as 2 2 1/2 r = ( x + y ) .
When the beam stop with radius of Ea (a: radius of FZP) is placed at the center of FZP, the intensity profile is modified as
Generally, it is very difficult to measure the point spread function, I(r), directly. The beam profile derived from the knife-edge scan corresponds to the line-spread-function, I(x), that is derived by integral of I(r), as
When the source has finite dimension, the focused beam profile is also limited by the geometrical optics. Therefore, the focused beam profile,I m(x), is described by a convolution integral using the focused image profile determined by the geometrical optics, P(X), as
Im(x) = J' I(x + X) P(X) dX.
Using above formula, the theoretical beam profiles, I(x) and Im(x), is calculated for the present experimental condition. The results are shown in Fig. 4 . When the radius of the center stop is a half of FZP radius (E = O S ) , focused beam size defined by the FWHM is almost equal to the outermost zone width. As shown in Fig. 4 , the FWHM of line spread function is 0.237ym for the FZP with 0.25 ym outermost zone width. It is also important that broadening due to the soiirce size is negligibly small, when the geometrical beam size is smaller than the diffraction-limited spot size. The measured beam profile in horizontal direction shows good agreement with the theoretical beam profile. It should be noticed that the secondary maximum is also observed as sholders at 0.35 ym around the main peak. These results indicate that the FZP has good accuracy for application to coherent optics.
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Diffraction efficiency
The diffraction efficiency is measured by comparing the flux density of X-rays incident on the FZP with the intensity of the focused beam. The measured efficiency for the first-order diffraction is shown in Fig. 6 . Theoretical efficiency is also shown in the figure. The theoretical values are calculated by the following formula: k = 2x/h, t: thickness of zone.
1 -6 + ip = n: complex index for refraction of zone material. 20
As shown in the figure, the measured efficiency shows good agreement with theoretical calculation. Diffraction efficiency of about 20% is achieved at 8 keV. The total flux of the microbeam is about IO9 photons/s for 100 mA stored current at an Xray energy of 8 keV. More important feature of the diffraction efficiency is that the second order diffraction was not detectable. Therefore, the FZP is considered to have precise zones within a 0.1 ym-level lateral structure. 
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Scanning microscopy
The scanning microscopy experiment has been performed for evaluating the performance of the microprobe. Resolution test patterns that is fabricated using the electron-beam lithography technique is used as a test sample. The sample has fine pattern made of 0.5 ym-thick tantalum deposited on Si3N4 thin membrane, and its finest structure is a 0.1 ym line-andspace patterns. Results of the scanning microscopy experiment and a schematic drawing of the resolution test patterns are shown in Fig. 4 . The transmittance of the 0.5-ym-thick tantalum film is 87% for 8 keV X-rays. Therefore, the contrast of the test pattern is insufficient in the hard X-ray regions. However, as shown in the figure, the fine patterns of up to 0. 
CONCLUSIONS
X-ray microbeam with the Fresnel zone plate optics has been tested at an X-ray energy region from 6 to 10 keV. By using fully coherent illumination, the focused beam size near to the diffraction-limited resolution has been achieved. The measured spot size defined by the full-width at half-maximum is 0.3 pm using the Fresnel zone plate of 0.25 pm outermost zone width. In the scanning microscopy experiment, spatial resolution better than 0.4 pm has been confirmed. These data suggest that the focused beam is almost coherent, and can be applied to Gabor type X-ray holography or X-ray speckle experiment.
